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o Thisis a 6 hour module, spilt in two days (3+), and repeated
four times

o Each time it is given to about 25 participants

o The six-hour module is structured as follows
o Day 1:
o 30 minutes: recap of the main equations, plus exercise description

o 2 h: exercise on analytical tools
o 30 minutes correction and discussion

o Day 2:

o 30 minutes: tutorials about how using a finite element model, plus
exercise description

o 2 h: exercise on finite element tools
o 30 minutes corrections and discussion
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CONTENTS

o Day1

o Recap of the theory
o Exercise
o (solutions in a separate word file)

o Day?2
o The FEMM code
o Exercise
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The FEMM code

o Finite Element Method Magnetics (FEMM) written by David Meeker is a finite element
package for solving 2D planar and axisymmetric problems in low frequency magnetics
and electrostatics.

@ The program can be obtained via the FEMM home page at
http://www.femm.info/wiki/HomePage. The package is composed of an interactive shell
encompassing graphical pre- and post-processing, a mesh generator, and various solvers.

o User manual: https://www.femm.info/Archives/doc/manual42.pdf

e A scripting language, Lua, is integrated with the program. Lua allows users to create
batch runs, describe geometries parametrically, perform optimizations. It is available
from http://www.lua.org.

o User manual https://www.femm.info/Archives/doc/refman-4.0.pdf
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Lua in FEMM

o Tosave a bit of time, we prepared some scripts
o sector_dipole.lua

o multipoles_femm.lua
B fermm — O >

File Edit View Help
0| =

Run a Lua script —x
Launch a Lua script —"

Clear Input | Clear Cutput Evaluate

Ready
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Walk-through FEMM

1. Create a new file, “magnetics” category and set main
problem parameters

2. Set few variables

3. Load or prepare material properties, boundary conditions
and circuit elements

4. Define geometry
5. Save and mesh

6. Solve

7. Post-process
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1. Create new file

. Problem Definition X ‘
---> File ---> New ---> Problem
Problem Type | HEc A _~
Length Units IMiIIimeters j
Create a new problem X ‘ Frequency (Hz) I0
1000
Magnetics Problem ﬂ Depth I

Solver Precision | 1e-008

ok | cancel | . E

Smart Mesh IOn LI
. . AC Solver |Succ. Approx Ll
1 m depth, so results (energy, inductance, force, ... will be per m length Previous Schution |
Prev Type |None ﬂ
-- Creates a new preprocessor document (magnetics problem) FR—
newdocument (@) Add comments here.

-- Main problem parameters
-- B frequency

--  mm units [ ok | cancel
--  planar problem

--  solver precision

--  depth, set to 1 m so0 to have results per m length
mi_probdef(®, "millimeters”, “"planar”, le-8, 1868)
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2. Set variables

Lua Console

Write (or copy & paste) in Lua
console, then click Evaluate

msh_yoke = 10*mshf
msh_coil = 8*mshf
msh_gap = 1*mshf
msh_bck = 25%mshf

—_ A few variables Clear Input | Clear Output

Evaluate

pi=3.141592653589

aperture = 58 -- mm (aperture diameter)

w_coil = 15 -- mm {coil width)

alphad_coil = &8 -- deg

alpha_coil = alphad_coil*pi/188 -- rad

w_collar = 65-aperture/2-w_coil -- mm (collar width)

w_iron = 134-aperture/2-w_coil-w_collar -- mm

w_air = 486 -- mm

workfolder = "‘\\cernbox-smb\eos\userisisuizquieiconferences\2311 CAS\Exercise\FEMM\Tinal"
filename = "sector_dipole_exercise.fem” -- needs to have fem extension

-- Input current density

Joverall = 385 --A/mm2

A coil = alpha_coil/2*((aperture/2+w_coil)*2-(aperture/2)"2)
current = A coil*Joverall -- A

-- Mesh parameters
mshf = 1

msh_yoke = 5*mshf
msh_collar = 8*mshf
msh_coil = 8%mshf
msh_ap = 1*mshf
msh_bck = 25%mshf
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3. Material properties, boundary conditions

and circuit elements

E fermm - [Untitled]
é File Edit View Problem Grid Operation Properties Mesh Analysis Window Help
0O = IT_,"lql o || il Jgrlt Materials &7 X QI
- Boundary .

gylfo Point  breeeieetoen
By L Materials Library X
1o | SR R R R A T I T T = Library Materials -3 Model Materials
| R LR AR E R CRRERRRFS Matesials Library 28 Ar 8 Ar

-‘@ ' ' ' ' ' ' ' ) ' ' ' [__"| Hard Magnetic Materials Copper

[#-£3 Soft Magnetic Materials @& pure Iron

(-] Copper AWG Magnet Wire

(-] Copper SWG Magnet Wire

[#-(_] Copper Metric Magnet Wire

(-] Metals Handbook DC Magnetization Curves

#-(C] 15% Copper Clad Aluminum Magnet Wire

(] 10% Copper Clad Aluminum Magnet Wire

(-] Solid Non-Magnetic Conductors

-- Material properties, from the available library
mi_getmaterial("Air")

mi_getmaterial("Pure Iron”) Cancel m
mi getmaterial("Copper™)

mi getmaterial("316 Stainless Steel™)

-- Create material for those not existing in the library
mi_addmaterial(“"NbTi", 1, 1,8, current,e,53,8,8,1,8)
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3. Material properties, boundary conditions

and circuit elements

Boundary Property X ‘

Name | B parallel

BC Type |Prescribed A LI

Small skin depth parameters Prescribed A parameters

7z relative |'3 A , ID—
cMsim [0 A o

Mixed BC parameters
- A ID
- coefficent |'—' 2
c 1 coeffident ||:- ¢a deg IU
Air Gap parameters

Inner Angle, Deg ||:-
Quter Angle, Deg | 0

Boundary Property X ‘

Name | B perpendicular

BC Type  |Mixed v

Small skin depth parameters Prescribed A parameters

J7z relative | 0 A . I"—
c:Msim [0 A [0

Mixed BC parameters
A | 0
o coefficent |0 2
€y coeffident |0 ¢’ deg ||:
Air Gap parameters

Inner Angle, Deg | 0
QOuter Angle, Deg | 0

-- Boundary conditions

mi_addboundprop(”E parallel”, @, &, &, ©, @, @, @, 8, @, 8, @)
mi_addboundprop(”B perpendicular”, @, @, &, 6, @, @, &, 8, 2, 8, 8)
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3. Material properties, boundary conditions ®

and circuit elements Cm

Circuit Property X

Name | Coil

Circuit Current, Am,
" Parallel 0

I current
(¢ Series

OK I Cancel

“current” is a previously defined variable,
alternatively you can enter a number

-- A circuit, multiple ones are possible
mi_addcircprop("Coil™, current, 1)
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4. Define geometry

E femm - [Untitled]

é File Edit View Problem Grid Operation Properties Mesh Analysis Window Help

Dl [T= 7 [~ = _|&f&| = =0 2lREerX] o
-E_l
i :

B

2l

D]

o | S S S S U S WO S St S A S SR SO SR SR AU SN SR SR SN SRR
2

|

had |

via nodes, segments, blocks, etc...

Hot keys are particularly useful, also the grid can be handy
Previously defined variables can be used to describe the geometry
Copy and paste in the Lua console is also a possibility

_ Another approach is to import a DXF
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Define geometry

-- Coil

x11 coil=aperture/2

y1l coil=8

x12_ coil=aperture/2+w_coil

yl2 coil=8

%13 coil={aperture/2+w_coil)*cos(alpha_coil)
y13_coil={aperture/2+w_coil)*sin(alpha_coil)
x14 coil={aperture/2)*cos(alpha_coil)

y14 coil=({aperture/2)*sin(alpha_coil)

mi_addnode(x1l_coil,yll coil)
mi addnode(x12 coil,yl2 coil) — nOdes
mi_addnode(x13 coil,yl3 coil)
mi_addnode(x14 coil,yld coil)

mi_addsegment(x11 coil, y11 coil, %12 coil, w12 coil)

mi_addarc(x12 coil, y12 coil, x13 coil, w13 coil, alphad_coil, 1)

mi_addsegment(x13 coil, y13 codil, x14 coil, yl4 coil) — Segments
mi_addarc(xl4 coil, y14 coil, x11_coil, w11 coil, -alphad_coil, 1)

mi_addblocklabel( (x11_coil4x12 coil)/2, 5)

mi_selectlabel((x1l coil+x12 coil)/2, 5)

mi_setblockprop("NbTi", @, msh_coil, "Ceil", @, 8, turns) — blOCkS
mi_clearselected()
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5. Save and mesh

Probably best to save before, in any case you need to save before you mesh

---> Mesh ---> Create Mesh

] |'EI|"5‘:|

e

-- Save
mi_saveas(filename)

-- Mesh

mi_ zoomnaturall)
mi_createmesh()
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6. Solve

---> Analysis ---> Analyze | 'E’{J o |

8 dipole - fkern - X ‘

Status

sobving.. | mmmm s mm— - o ——————
Problem Statistics:

14778 nodes

28990 elements

Precision: 1.00e-008

Conjugate Gradient Solver

MNewton Iteration(5) R elax=1

-- Solve
mi_analyze()
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00

---> Analysis ---> View Results |,E,r | t’}\L

-- Post-processing
mi_ loadsclution( )
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Select a contour (right click in the mouse to add more points in your contour line; Esc to un-select the contour)

@ v bR ® | @ 18 » _  Findincremen tally d1
dipalelua® X - X
Bl - ] I
e i lew Operation PlotX-Y Integrate Window Help
€ Dl % &

R
. 4

B X-¥ Plot of Field Values P
5] .
g In LUA:
NEY Plot Type
3 . :
t.g ||B| {Magnitude of flux density) ﬂ -- Plot field in the aperture
.Z [B] (Magnitude of flux density) -- Select a line
g E.n (Mormal flux density) mo_addcontour(@,@)
E.t (Tangential flux density) mo_addcontour(aperture,®)
HI  (Magnitude of field intensity) --mo_makeplot({2,2688) -- plot in FEMM
H.n (Mormal field intensity) --mo_makeplot(3,288) -- plot in FEMM
[H. Itqu['E!‘?gﬁE“ field intensity) mo_makeplot(2,208,"Bx.emf”) -- save image
.| . mo_makeplot(3,288,"By.emf") -- save image
|Mu|tll:ulumn text w/ legend j mo_makeplot(2,288, " "Bx.txt",8) -- print it to a file

mo_makeplot(3,288,"By.txt",8) -- print it to a file

To script it in Lua, see https:/ /www.femm.info/Archives/doc/manual42.pdf
section 3.4 (Magnetics Post Processor Command Set)
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7. Post-Processing: 2D plots.

i

NS

N

Mesh

Flux lines

Field density

= =)

Field vectors

- [m} x

— -
Integrate  Window Help -
& X

B Temm - [Sector_dipaTe_exeraseT.ant]

< File Edit Zoom View Operation PlotX-V

Ol o slm nlola ] SEs

=l

.

| [ sector_dipoke_exerciselfem 42 sactor_dipole_exsrcisa 1 ans

@ File Edit Zoom

D@ |[o x| Bl NS~

View Operation PlotX-V Integrate Window Help

Dislog

¥ Show fiux lines

I” show stress tensor milL..

Number of contours

Lower bound
0.1614092
Restore Default Range

Upper Bound

Cancel

E sector_dipole_exerciselfem 2 sector_dipole_exercisel.ans

File Edit Zoom View Operation
K P

B T - [SECtor_aIpole_Srercire T ane]
Integrate  Window Help -
I

Plot X-¥

>6.039e+000

™)

5.737e+000 :

2.717e+000 :
2.415e+000 :
2.113e+000 :
1.812e+000 :
1.510e+000 :

3.01%e+000
2.717e+000
2.415e+000
2.113e+000
1.812e+000

1.208e+000 : 1.510e+000
9.058e-001 : 1.208e+000
6.039e-001 : 9.058e-001

D[] [« /%] k|l 2 )
3.019e-001 : 6.039e-001

| %mnnnemnn 1 3.019e-001

Density Flot: |B|, Tesla

& sector_diole_cxerselfom G sector_dpole_exeriseTans

(x=187.0000,=128.0000)
:

B femm - [sector_dipole_exercisel.ans]

P File

D[ [« M| k|l NE[~

Window Help -
& X

Edit Zoom View Operstion PlotX-Y Integrate

@ sector_dipole_exercise 1 ans

E sector_dipole_exercise 1 fem

p<=149.0000.5=131.0000)
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Block Integrals

A.] |

A.1]
A
Magnetic field energy

~|Hysteresis, Laminated eddy, or Proximity effect
Resistive losses

Blodk cross-section area

Total losses

Total current

Integral of B aver blodk

Block valume

Lorentz force (1 x B)

Lorentz torque (r x 1 x B)

Magnetic field coenergy

Force via Weighted Stress Tensor
Torgue via Weighted Stress Tensor
R"2 (i.e. Moment of Inertia f Density)
Trntal | nee Ciensity

@@ File Edit Zoom View Operation Plot X-Y [l Integrate [l Window  Help
D[] |b|,r| | ISIN[N
=
54
£
2
=)
5l
Integral Result
'l
1L x-component: 461,762 M
—_ y-component: -455.876 N
il
=
|
E sector_dipole_exercise1fem 7% sector_dipole_exercise1.ans
Seady
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Day 2 - Exercise

o Exercise 1: We consider a dipole made as a 60° sector coil, with 50 mm aperture
(diameter) and 15 mm width cable, without iron as in the exercise 1 of Day 1

o Estimate via FEMM the overall current density needed to have a 5 T bore field , and compare to
the analytical values;

o Compute the field harmonics b;, b; and b, using 17 mm as reference radius, and compare to the
analytical values;

o Verify how b; approaches to zero with finer meshes;

o Verify that your solution does not change when increasing the size of the air region, and what is
the minimum amount of air you need around the coil to have a converged solution

60

40

-60 -40 =20 0 20 40 &0
E. Todesco, CAS - November 2023 ' ' 22



Day 2 - Exercise

@ Exercise 2:

o Estimate via FEMM the relative field increase due to the presence of iron with 65 mm
inner radius and 134 mm outer radius and compare to the analytical values;

o Keeping the same 5 T field, estimate via FEMM the reduction of the current density
given by the iron contribution compare to the analytical values;

o In this last case, estimate via FEMM the field in the midplane at 140 mm and at 200
mm from the magnet centre; if the field at 140 mm is larger than 5 mT, estimate the
required increase in thickness to have less than 5 mT at 140 mm from the centre

120
100
80
60
40
20

0
-20
-40
-60)
-80
-100

-120
-120-100 -80 -60 -40 -20 0 20 40 60 B0 100 120
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Day 2 - Exercise

o Exercise 3:
o Estimate via FEMM the peak field in the coil;

o EHstimate via FEMM the pressure given by the accumulation of azimuthal
stress in the midplane, for the case without iron and with iron, and compare
to the analytical values;

o EHstimate via FEMM the stored energy. What fraction of the energy is in the
air/coil /collar/iron?

o Congratulations, you completed the exercise ©

o A good time to look at your results and play a bit with the model?

o How the field quality in the aperture and peak field in the coil changes as a
function of the current?

o What if you reduce the collar thickness to 10 mm? How the bore field to
peak field ratio changes? And what about b;?

o If you still have some time, try out the extra exercises

E. Todesco, CAS - November 2023 24



Day 2 - Extra 1l

@ For a coil with 2 blocks, one can find solutions to set to zero B3 and B5

.~ 2 . . .
g o R sin 3o, —sin 3a, +sin3a, (1 1
, = - —
T 3 ror+w O
- 4 . . .
g M JR¢ sin 5a, —sin 5ar, +5in 5a, | 1 1 os
s = —
T 5 r* (r+w)’ "
o Note: we have to work with non-normalized multipoles, which can be added together

sin( 3e;) —sin(3e,) +sin( 3e,) =0
sin( 5e,) —sin( 5, ) +siN(5a,) =0

@ One can compute numerically the solutions
o  [0°-24°,36°-60°]
o [0°-36°, 44°-64°]
o [0°-48°, 60°-72°]
o [0°-52°,72°-88°]

o Modity the coil geometry in the FE model to have a 2 blocks coil:

o  Compare the harmonics to the 1 block coil
o  Find the required coil width to reach the same field in the aperture

o Equations to set to zero B;and Bs {
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Day 2 - Extra 2

o Typically, finite element methods are best suited to problems with well-
defined, closed solution regions. However, a large number of problems
that one might like to address have no natural outer boundary. The
boundary condition that one would like to apply is A =0 atr = oo.

o Fortunately, there are methods that can be applied to get solutions that
closely approximate the “open boundary” solution using finite element
methods. FEMM provides different options, look to the manual (link)
and test the different options (section 1.3.1 and annex A3)
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o You should able to open and edit *.lua scripts in any text
editor

o If you really like when the editor is helping you with colors
to guide, you can:

Q

Q

Download TextPad https:/ /www.textpad.com/download#v9

Download lua.syn file in
https:/ /www.textpad.com/pt/addons/syntax-h2m

Copy the file to the textpad system folder (typically would be
C:\ Program Files\ TextPad 8\ system)

Create a new document class in textpad (Configure/New Document
Class...)
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Solution discussion



o FEMM

e no iron - find current

o multipoles
o Refine mesh to get b3 0
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Convergence study

Convergence study - size of the air
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Convergence study

Convergence study - mesh size Convergence study - mesh size
-5.10
4-w_air, mm= 200 mshf 0.1 5
; ——b3 from B
>.15 ——w_air, mm= 200 mshf 1 4.5
4 b3 from A
-5.20
| G 3.5
5 525 2, 4
:.q—: © s’t
® -5.30 425
g T
8 -5.35 o
< 215
-5.40 1
-5.45 0.5 |
O l“!
-5.50

0 5 10 15

0 10 20 30
mesh factor

Distance from the center, mm
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o FEMM

o Back to normal mesh

o Iron, we get more field
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o FEMM

o Currentfor5T
o Shield condition
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Field in the mid-plane

3
2 it
1 ]
g
e e
0 o)
5]
- -1 o]
c B
(= 0] -2 B
8
3 B
@
-4 : B R _outer_iron =134 mm
- e R_outer_iron = 140 mm
-6
0 50 100 150 200
distance from the center, mm (y=0 axis)
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Fringe field

0.012
0.010
0.008
-
e 0.006
0
0.004
0.002 B R outer iron=134 mm
® R _outer_iron =140 mm
0.000
0 50 100 150 200 250
distance from the center, mm (y=0 axis)
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o FEMM
o Peak field
o Stored energy
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Stored energy

Stored energy sharing - case with iron

%
Air in the aperture kl/m 4.90 46
Coil kJ/m 0.81 8
Collar kJ/m 4.93 46
Yoke kJ/m 0.01 0
Air outside kJ/m 0.00 0

Total kJ/m 10.6

Stored energy density J/mm3 0.021
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Load line
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Short sample field

2800
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Current vs Field
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